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Summary
The aeropropulsive characteristics of an advanced
twin-engine fighter aircraft designed for supersonic
cruise have been studied in the Langley 16-Foot Tran-
sonic Tunnel and the Lewis 10- by 10-Foot Super-
sonic Tunnel. The objective of this investigation was
to determine multiaxis control-power characteristics
obtainable from thrust vectoring. A two-dimensional
convergent-divergent nozzle was designed to provide
geometric yaw vector angles of 0 °, -10 °, and -20 °
combined with geometric pitch vector angles of 0°
and 15° . Yaw thrust vectoring was provided by yaw
flaps located in the nozzle sidewalls. Roll control
was obtained from differential pitch vectoring. This
investigation was conducted at Mach numbers from
0.20 to 2.47. Angle of attack was varied from 0 ° to
about 19 °, and nozzle pressure ratio was varied from
about 1 (jet off) to 28, depending on Mach number.
The results of this investigation indicate that the
nozzle resultant pitch vector angle was greater than
the geometric pitch vector angle once nozzle pressure
ratio was high enough to eliminate separation on the
lower expansion ramp of the nozzle. The nozzle re-
sultant yaw vector angle was less than the geometric
yaw vector angle at all test conditions. This loss in
yaw vector effectiveness was attributed to the small
size of the yaw flaps relative to the total sidewall
area of the nozzle. There was no effect of pitch vec-
toring on resultant yaw vector angle for simultaneous
pitch-yaw vectoring. However, at low nozzle pressure
ratios, yaw vectoring decreased resultant pitch vector
angle for 0 ° pitch vectoring and increased resultant
pitch angle for 15 ° pitch vectoring.
The effect of nozzle pressure ratio and pitch vec-
toring on the longitudinal aerodynamic characteris-
tics followed expected trends as both lift and pitch-
ing moment increased with increased nozzle pressure
ratio and/or geometric pitch vector angle. Similar ef-
fects to lateral aerodynamic characteristics resulted
from yaw vectoring. Both the jet-off and powered
increments in the force or moment coefficients that
result from pitch or yaw vectoring remained essen-
tially constant over the entire angle-of-attack range
tested at all Mach numbers. There was no effect of
pitch vectoring on the lateral aerodynamic forces and
moments and only very small effects of yaw vector-
ing on the longitudinal aerodynamic forces and mo-
ments. This result indicates little cross-coupling of
control forces and moments for combined pitch-yaw
vectoring.
Longitudinal and directional control power was a
function of nozzle pressure ratio and Mach number.
Powered controls were very effective at low Mach
numbers, and their effectiveness decreased as Mach
number increased as a result of a reduction in avail-
able thrust coefficient. Longitudinal and directional
control power from thrust vectoring was greater than
that provided by aerodynamic control effectors for
this and other configurations at Mach numbers up to
0.40. At Mach numbers from 0.40 to 1.20, control
power was less; at Mach numbers from 2.00 to 2.47,
control power from thrust vectoring was comparable
with that provided by aerodynamic controls.
Introduction
The mission requirements for the next generation
of fighter aircraft may dictate a highly versatile ve-
hicle capable of operating over a wide range of flight
conditions. This aircraft may be required to have
short take-off and landing characteristics, in order
to operate from bomb-damaged airfields, required to
cruise supersonically, and required to have greater
transonic and supersonic maneuverability at higher
operational angles of attack than current fighters.
(See refs. 1 to 4.) Several studies have shown that
significant advantages in air combat are gained with
the ability to perform transient maneuvers at high
angles of attack including brief excursions into post-
stall conditions. (See refs. 4 to 6.) However, the
angle-of-attack envelope of an advanced fighter can
be limited because of degraded stability character-
istics and inadequate aerodynamic control power at
high angles of attack. Also, the effectiveness of aero-
dynamic controls can be reduced by cross-axis cou-
pling of the control moments, which then complicates
the design of the flight control system.
One promising method of providing large control
moments that are not dependent upon angle of at-
tack and dynamic pressure (as are aerodynamic con-
trols) is vectoring of the engine exhaust. Studies
have shown that the control power provided from
10 ° to 15° of combined pitch-yaw vectoring can sig-
nificantly enhance aircraft agility up to and includ-
ing stall angle-of-attack range. (See refs. 4 and 7 to
10.) Also, thrust vectoring provides control moments
that are essentially uncoupled from airframe aerody-
namics. Use of powered controls affords the aircraft
designer the opportunity to reduce the size of or to
eliminate tails and control surfaces, which reduces
aircraft drag and weight. Because aerodynamic con-
trol surfaces are usually sized for low-speed opera-
tion, they generally provide more control power than
is required at high speed.
An extensive research program at the Langley Re-
search Center has shown that pitch thrust vectoring
can be provided from multifunction (nonaxisymmet-
ric) nozzles. (See, e.g., refs. 11 to 14.) Recent efforts
have been aimed at evaluating several yaw vectoring
concepts at static (wind-off) conditions (refs. 14 and
15)andat forwardflightconditions(ref.16).Multi-
fimctionnozzlesarealsodesignedto providethrust-
reversingcapabilitywhichcanbeusednot only for
STOLoperation(ref.3),butalsoto providesuperior
decelerationandclosure-ratecontrolfor enhanced
maneuverabilityandagility (refs.6 and7).
This paperpresentsresultsfrom a wind-tunnel
investigationof atacticalfightermodeldesignedfor
supersoniccruise.ThismodelsimulatedaMach2.00,
49000-1bvehiclewith a close-coupledcanardand
underwingpropulsionunitsthat featuredmultifunc-
tion, two-dimensionalexhaustnozzlesoriginallyde-
signedwith only pitch thrust vectoringcapability.
The objectiveof this investigationwas to deter-
minemultiaxiscontrol-powercharacteristicsobtain-
ablefromthrustvectoring.Modificationsweremade
to a two-dimensionalconvergent-divergentnozzleto
providegeometricyawvectoranglesof0°, - 10°, and
-20° combined with geometric pitch vector angles of
0° and 15 °. Yaw thrust vectoring was provided by
yaw flaps located in the nozzle sidewalls. Roll con-
trol was obtained from differential pitch vectoring.
This investigation was conducted in the Langley 16-
Foot Transonic Tunnel and the Lewis 10- by 10-Foot
Supersonic Tunnel at Mach numbers from 0.20 to
2.47. Angle of attack was varied from 0 ° to about
19°, and nozzle pressure ratio was varied from about
1 (jet off) to 28, depending on Mach number. A sum-
lnary of these results is presented in reference 16. The
aeropropulsive and flow-field characteristics of this
configuration with various nonaxisymmetric nozzle
designs are presented in references 13 and 17 to 20.
Symbols
All model longitudinal forces and moments are
referred to the stability-axis system, and all lateral
forces and moments are referred to the body-axis
system. The model moment reference is located
at fuselage station 69.81 in., which corresponds to
0.28_. A detailed discussion of the data-reduction
and calibration procedures, as well as definitions
of forces, angles, and propulsion relationships used
herein, can be found in references 21 and 22.
At nozzle throat area, in 2
b wing span, 37.80 in.
CD drag coefficient, CD =-- C(D_F) at
NPR = 1.0 (jet off)
C(D_F) drag-minus-thrust coefficient,
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aerodynamic (thrust component
removed) lift coefficient,
CL =-- CL,t at NPR = 1.0 (jet off)
Jet lift
jet-lift coefficient,
total lift coefficient including thrust
Lift
component,
lift effectiveness, per degree
lift effectiveness due to pitch vector-
ing, per degree
aerodynamic (thrust component
removed) rolling-moment coefficient,
Ci -- Cz,t at NPR = 1.0 (jet off)
jet rolling-moment coefficient,
Jet rolling moment
paSb
total rolling-moment coefficient
including thrust component,
Rolling moment
qc_ S b
lateral control power, per degree
lateral control power due to differen-
tial pitch vectoring, per degree
aerodynamic (thrust component
removed) pitching-moment coefficient,
Cm _ Cm,t at NPR = 1.0 (jet off)
jet pitching-moment coefficient,
Jet pitchin_ moment
pa N_
total pitching-moment coeffi-
cient including thrust component,
Pitching moment
qc_S_
longitudinal control power, per degree
longitudinal control power due to
pitch vectoring, per degree
aerodynamic (thrust component
removed) yawing-moment coefficient,
Cn =-- Cn,t at NPR = 1.0 (jet off)
jet yawing-moment coefficient,
Jet yawing moment
paSb
total yawing-moment coefficient
including thrust component,
Yawing moment
qcoSb
directional control power, per degree
Cy,j
Cy.t
Yi
FN
g
Q
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M
NPR
Pa
Pt,j
pcc
qoc
R
S
St
Tt.j
directional control power due to yaw
vectoring, per degree
aerodynamic (thrust component
removed) side-force coefficient,
Cy -_ Cy, t at NPR = 1.0 (jet off)
jet side-force coefficient, Jet side force
paS
total side-force coefficient including
thrust component, Side forceq_S
side-force effectiveness, per degree
side-force effectiveness due to yaw
vectoring, per degree
wing mean geometric chord, 31.67 in.
ideal isentropic gross thrust,
w /RTt'j [1 - / pa "_(_'-1)/'/]
lbf
measured thrust along body axis, lb
measured jet normal tbrce, lbf
resultant gross thrust,
v/Fj 2 + F 2 + _b_, lbf
measured jet side force, lb
gravitational constant, 32.174 ft/sec 2
distance from c.g. to nozzle throat, in.
distance from c.g. to quarter chord
of horizontal- or vertical-tail mean
geometric chord, in.
free-stream Mach number
nozzle pressure ratio, Pt,j/P_o or
Pt,3/Pa
ambient pressure, psi
average jet total pressure, psi
free-stream static pressure, psi
free-stream dynamic pressure, psi
gas constant, 1716 ft2/sec2-°R
wing reference area, 936.68 in 2
horizontal- or vertical-tail area, in 2
average jet total temperature, °R
powered- or tail-volume coefficient
w i ideal weight-flow rate, lbf/sec
wp measured weight-flow rate, lbf/sec
x, y nozzle coordinates with origin at
FS 89.92 and WL 9.26 (fig. 7(c)), in.
a angle of attack, deg
g nozzle boattail angle, deg
5c canard incidence angle, positive for
leading edge up, deg
5p resultant pitch vector angle,
tan -1 -_j, deg
5te trailing-edge flap deflection, positive
trailing edge down, deg
5v,p geometric pitch vector angle measured
from nozzle centerline, positive for
downward deflection angles (fig. 7(c)),
deg
5v,y geometric yaw vector angle, positive to
left looking upstream, (fig. 7(b)), deg
resultant yaw vector angle, tan -1 -_.,5y
deg
_/ ratio of specific heats, 1.3997 for air
Abbreviations:
C-D convergent-divergent
e.g. center of gravity
FS fuselage station
NRP nozzle reference plane
STOL short-field take-off and landing
2-D two-dimensional
WBL wing butt line, in.
WL water line, in.
16 FTT Langley 16-Foot Transonic Tunnel
10 × l0 T Lewis 10- by 10-Foot Supersonic
Tunnel
Model
This investigation was conducted with a 10.5-
percent scale model of a twin-engine fighter aircraft
designed to cruise at supersonic speeds. A sketch
showing the general arrangement of the model and
support system is presented in figure 1. A photo-
graph of the model is shown in figure 2. The model
featured a cambered and twisted wing and canard
and had two single-engine podded nacelles mounted
under the wing.
Wing-Canard-Fuselage Design
The configuration was designed for self-trimming
(Sc = 6te = 0°) at a cruise speed of Mach 2 and a
design lift coefficient of 0.10. The trim condition for
the vehicle was established from the criterion that
the vehicle be 5 percent unstable subsonically, which
resulted in the vehicle being 4 percent stable for the
supersonic design case.
The aerodynamic design of the lifting surfaces
was accomplished by use of the FLEXSTAB code
(ref. 23). This code uses the aerodynamic influence
coefficient method and includes the effects of nonpla-
nar surfaces such as a canard above the wing plane.
The method is based on a linearized potential-flow
theory with constant-pressure panels. The twist and
the camber of both the canard and the wing surfaces
are determined simultaneously such that the induced
drag is minimized. Figure 3 illustrates the modeling
of the vehicle for the FLEXSTAB code and the re-
sulting wing and canard design.
The planform geometry of the wing is shown in
figure 4. The wing had a leading-edge sweep of 68 °,
an aspect ratio of 1.53, a reference area of 936.68 in 2,
and a wing mean geometric chord of 31.68 in. A
wing trailing-edge flap, also shown in figure 4, was
tested at deflection angles of 0° and 7°. The planform
geometry of the canard is shown in figure 5. The
canard incidence angle was remotely controlled about
the canard hinge axis located at FS 46.18. The
canard also had 10° dihedral (fig. 5).
Nacelle-Nozzle Installation
The nacelle with the 2-D C-D nozzle, shown in
figure 6, was located under the wing in an inboard
position. This is the baseline nacelle position of
reference 13. The nacelle, which was toed-in 2°,
had a faired-over inlet. The effects of the faired-over
inlet on the longitudinal aerodynamic characteristics
of this configuration are given in reference 18.
The 2-D C-D nozzle full-scale design allows in-
dependent actuation of the throat-area control flaps
and the divergent flaps. The nozzle area ratio can
therefore be set, within mechanical limits, indepen-
dently from the nozzle throat area for good inter-
nal performance over a wide variety of flight condi-
tions. The length of the divergent flaps was selected
to provide good internal nozzle performance at the
supersonic design point. To reduce nozzle weight and
cooling flow, the full-scale design incorporated side-
walls which were cut back to 56 percent of full length
(full-length sidewalls contain exhaust flow completely
from nozzle throat to nozzle exit). For pitch thrust
vectoring, the upper and lower divergent flaps are
differentially deflected (one toward nozzle centerline
and the other away from nozzle centerline). The full-
scale nozzle design did not have provisions for yaw
thrust vectoring.
The 2-D C-D nozzle model geometry is presented
in figure 7. This nozzle had a throat area of 4.90 in 2,
a duct aspect ratio of 1.0, an expansion ratio of 1.50,
and a design nozzle pressure ratio of 6.24. The nozzle
was tested in a subsonic afterburner power setting
at all Mach numbers. Geometric pitch thrust vector
angles of 0 ° and 15 ° (fig. 7(a)) were tested during the
current investigation. References 13 and 17 present
results of thrust vectoring at 6v,p = 30 °.
The nozzle sidewalls on the model were modified
so that yaw thrust vectoring flaps could be installed
as shown in figure 7(b). This scheme is similar to
the downstream-flap yaw vectoring concept of ref-
erence 15, in which the flaps were installed in the
nozzle sidewalls downstream of the nozzle throat.
When both flaps are deployed, one flap deflects into
the nozzle internal flow, and the other flap deflects
away from the exhaust flow. There should be little
or no degradation of the total vectoring effectiveness
of each nozzle as a result of interaction of the vec-
tored nozzle exhausts, because the nacelle-mounted
nozzles are essentially isolated from each other. This
may not be the case for closely spaced twin-engine
configurations.
The sidewall yaw flaps were sized to operate such
that there would be no interference with the upper
and lower divergent flaps at pitch vector angles of
0° and 15 °. The yaw flap is short enough so that
its upper and lower sides remain within the envelope
formed by the upper divergent flap at 6v,p = 15 ° and
the lower divergent flap at 5v,p = 0°. (See fig. 7(b).)
The hinge line of the yaw vector flap was kept down-
stream of the nozzle throat to eliminate any thrust
losses that could result from being located forward
of the throat (ref. 15). The yaw vector flap of the
current test was sized for an afterburning nozzle con-
figuration. Therefore, yaw thrust vectoring with the
current configuration could not be accomplished at
dry-power settings because of the physical interfer-
ence of the yaw vector flap with the nozzle divergent
flaps.
Apparatus and Procedure
Wind Tunnels and Support System
This investigation was conducted in the Langley
16-Foot Transonic Tunnel (16 FTT) and the Lewis
10- by 10-Foot Supersonic Tunnel (10 × 10 T). The
16 FTT is a single-return, atmospheric tunnel with
a slotted, octagonal test section and continuous air
exchange. The wind tunnel has a variable airspeed
up to a Mach number of 1.30. A complete description
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ofthisfacilityanditsoperatingcharacteristicscanbe
foundin reference22.
The10x 10T isasingle-return,variable-pressure
tunnel with a squaretest section. The contour
of the nozzle sidewalls is remotely adjustable and
can provide a Math number range from 2.00 to
3.50. A description of this facility can be found in
reference 24.
The model was supported in both wind tunnels by
the same sting-strut (fig. 1) support system in which
the strut replaced the vertical tail. The strut had an
NACA 0006 airfoil section with a sweep of 60 ° and a
maximum thickness of 1.75 in.
Propulsion Simulation System and
Instrumentation
External high-pressure air systems at each facility
provided a continuous source of clean, dry air at a
controlled temperature of about 70°F at the nozzles.
The air was brought to a plenum mounted within the
wind-tunnel support system ahead of the sting and
was divided into two separate flows. The air was then
routed through the sting-strut and forward through
the fuselage from the bottom of the strut, as shown in
figure 8. Three bellows were installed in each air line
to provide a three-axis, flexible air-line bridge across
the force balance and model. The air was then routed
out through each wing to the respective nacelles and
nozzles.
At the end of the round-to-rectangular transition
section in the nacelle, a choke plate and two screens
were installed to regulate and smooth the flow prior
to entry into the nozzle instrumentation ,aection.
(See fig. 6.) The transition sections were made to
interface with the flow supply pipe on the right
and left ducts. Nine total-pressure probes, arranged
in an equal-area-weighted, cruciform fashion, were
used to determine average nozzle total pressure in
each duct. The 18 total-pressure probes (left- and
right-hand sides) were averaged to give overall nozzle
total pressure. Two total-temperature probes in
each duct measured stagnation temperature of the
exhaust flow.
In the 10 x 10 T, mass flow through each nozzle
was measured by individual critical-flow venturis lo-
cated in the air lines prior to being routed through
the sting-strut. These venturis were previously used
during the investigations of references 13 and 19.
In the 16 FTT, a single critical-flow venturi system
(ref. 25) located outside the wind tunnel was used
to measure total mass flow through the two nozzles.
Discharge coefficient Wp/W i was within 0.003 of that
in reference 13.
Data Reduction.
For each data point, multiple frames of data
were averaged in each facility. Average values of
the recorded data were used to compute standard
force and moment coefficients based on wing area
and mean geometric chord or span for reference area
and length, respectively. A complete description of
the data-reduction procedures for the 16 FTT is
found in reference 21. Engineering-units data were
transmitted by telephone from the Lewis complex to
the Langley computer complex. Final reduction of
the Lewis data was acccomplished at Langley with
the Langley code (ref. 21).
Normal and axial forces of the balance were cor-
rected for tare forces that resulted from pressurizing
the air supply lines and bellows. These tare forces
were determined with jets operating, using the 2-D
C-D dry-power nozzle tested in reference 13. Also,
the air supply system was capped off at the wings,
and balance data were recorded as the lines were
pressurized. From these calibration procedures, no
corrections due to pressurization were found to be
necessary for the other balance components.
The adjusted forces and moments measured by
the balance were transferred to the body axis
(WL 11.53), and the longitudinal forces and moments
were transferred to the stability axis. Angle of attack
a was obtained by applying deflection terms, caused
by model support and balance bending under aero-
dynamic loads, and a flow angularity term to the
angle of the model support system. A flow angular-
ity adjustment of 0.1 °, which is the average tunnel
upflow angle measured in the Langley 16-Foot Tran-
sonic Tunnel, was applied. No flow angularity ad-
justments were made to the data from the Lewis 10-
by 10-Foot Supersonic Tunnel.
Thrust-removed aerodynamic force and moment
coefficients were obtained by determining the com-
ponents of thrust for each of the three force terms
and three moment terms and subtracting these values
from the measured total (aerodynamic plus thrust)
forces and moments. The thrust coefficients for the
forces and moments at forward speeds were deter-
mined from measured static (M = 0) data and were
a function of the free-stream static and dynamic pres-
sure. Forces and moments were measured at static
conditions by the force balance for each combination
of pitch and yaw vector angle tested. Details of this
procedure are contained in reference 21.
A comparison of static (M = 0) nozzle force and
moment coefficients between the two wind tunnels is
shown in figure 9. These results indicate excellent
agreement between the data from the facilities.
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Tofacilitatetheanalysisofcontrol-powercharac-
teristics,a powered-volumecoefficientsimilarto the
usualtail-volumecoefficientisdefined.(Seeref. 16.)
Thehorizontaltail-volumecoefficientis
f. _ St _t
S_
where St is the horizontal tail area and t_t is the
distance from the e.g. to the quarter chord of the
tail. The pitch vectoring powered-volume coefficient
is defined as
f/ 2At gj
S
where At is nozzle throat area and fj is the distance
from the c.g. to the nozzle throat. Throat area is
nmltiplied by 2, because the configuration reported
herein is twin engine. A yaw vectoring powered-
volume coefficient is defined by replacing the mean
geometric chord _ with the span b.
Tests
Data were obtained in the 16 FTT at Mach
numbers from 0.20 to 1.20 at angles of attack from
0 ° to about 19°. Reynolds number per foot varied
from 3.0 x 106 to 4.1 x 106. Data were obtained in
the 10 x I0 T at Mach numbers from 2.00 to 2.47
at angles of attack from 0 ° to about 19 °. Reynolds
number per foot varied from 1.4 x 106 to 1.8 x 106.
Nozzle pressure ratio varied from 1 (jet off) to about
28, depending on Mach number. Basic data were
obtained by varying nozzle pressure ratio at 4 ° angle
of attack and by varying angle of attack at jet off
and at a fixed (different value for each M) nozzle
pressure ratio. The fixed nozzle pressure ratio tested
at each Mach number represented a typical operating
pressure ratio for a turbofan engine at that Mach
number. A schedule of operating pressure ratio as a
function of Math number is presented in figure 10.
Nozzle pitch vector angles of 0° and 15 ° were tested
with yaw vector angles of 0 °, -10 °, and -20 ° in
the 16 FTT. In the 10 x 10 T, nozzle pitch vector
angles of 0° and 15° were tested with a yaw vector
angle of 0°, and a nozzle pitch vector angle of 0 ° was
tested with yaw vector angles of -10 ° and -20 °.
Differential pitch vector angles of 15° for the left
nozzle and 0° for the right nozzle were tested with
0° yaw vectoring. The canard incidence was held at
0 ° for all tests.
All tests were conducted with 0.10-in-wide
boundary-layer transition strips consisting of silicon
carbide grit sparsely distributed in a thin film of lac-
quer. These strips were located 2.00 in. from the tip
of the forebody nose and nacelle and on both the
upper and lower surfaces of the wings and canard at
0.20 in. normal to the leading edges. Number 100 and
number 60 silicon carbide grits were used in 16 FTT
and 10 x 10 T, respectively.
Presentation of Results
Comparison and summary plots of the results
from this investigation are presented in figures 11 to
34, which are organized as follows:
Figure
Static (M = O) data for:
Pitch vectoring; 5v,y = 0 ° ............. 11
Yaw vectoring; ,%,p = 0 ° ............. 12
Yaw vectoring; 5v,p = 15 ° ............. 13
Summary of resultant vector angles ......... 14
Differential pitch vectoring ............ 15
Total longitudinal aerodynamic characteristics for:
Pitch vectoring; 5v,y = 0°; c_ = 4 ° ........ 16
Pitch vectoring; 5v,y = 0°; variable a ........ 17
Summary of pitch vectoring ............. 18
Total aerodynamic characteristics for:
Yaw vectoring; 5v,p = 0% a = 4 ° ........ 19
Yaw vectoring; 5v,p = 15°; a = 4 ° ........ 20
Yaw vectoring; 5v,p = 0°; variable a ........ 21
Yaw vectoring; 5v,p = 15°; variable a ........ 22
Summary of yaw vectoring; 5v,p = 0 ° ........ 23
Summary of yaw vectoring; 5v,p = 15 ° ........ 24
Total aerodynamic characteristics for:
Differential pitch vectoring; 5v,y = 0°; a = 4 ° . . . 25
Differential pitch vectoring; 5v,y = 0°; variable a . . . 26
Summary of differential pitch vectoring ........ 27
Control-power parameters for:
Pitch vectoring, 5v,y = 0°; a = 4° ......... 28
Yaw vectoring, 5v,p = 0% a = 4 ° ......... 29
Differential pitch vectoring; 5v,y = 0°; a = 4° .... 30
Comparisons of powered versus aerodynamic control
power for:
Longitudinal control power ........... 31
Effect of a on longitudinal control power ...... 32
Directional control power ........... 33
Rolling-moment control power ........... 34
Thrust-removed aerodynamic characteristics de-
rived from the measured total aerodynamic charac-
teristics are presented in appendix A as figures 35
to 55. The effect of wing trailing-edge flap deflec-
tion on the longitudinal aerodynamic characteristics
at M = 2.00 to 2.47 is presented in appendix B as
figure 56. Trailing-edge flap effects at M = 0.60 to
1.20 are given in reference 17.
Results and Discussion
Static Performance
Pitch thrust vectoring. The effects of pitch
vectoring on resultant thrust vector angles and nozzle
performance parameters for the nozzles with geomet-
ric pitch vector angles of 0 ° and 15 ° are presented in
figure 11. For the 5v,p = 0 ° nozzle, values of the re-
sultant pitch angle of approximately -4.5 ° result be-
cause the thrust axis was inclined downward -4.77 ° .
This indicates that the gross thrust vector for this
nozzle is aligned with the thrust axis. The variation
of resultant pitch vector angle with nozzle pressure
ratio for 5v,p = 15 ° follows expected trends (refs. 26
and 27). The increase in 6p as NPR increases is typ-
ically due to a reduction in flow separation over the
lower flap of the nozzle. Maximum measured turn-
ing occurred at NPR = 5.0 and, for this type nozzle,
usually occurs at or just below design nozzle pres-
sure ratio, where the nozzle flow is fully expanded.
Since peak thrust performance also occurs between
NPR = 5.0 and NPR = 5.5 (fig. ll(b)), these results
indicate that the nozzle is operating at an effective
expansion ratio of 1.34 to 1.40 rather than at the geo-
metric expansion ratio of 1.50 (design NPR = 6.24).
This reduction in effective expansion ratio is caused
by the cutback sidewalls of the nozzles (ref. 28).
The 6v,p : 15 ° nozzle produced more than 15 °
of turning at NPR > 3.3 (Maximum 6p = 12.7 °
- (-4.5 °) = 17.2°). This excess turning results
from a large pressure gradient between the upper and
lower divergence flaps of the nozzle, which causes
a positive normal force. This pressure gradient,
because of the large turning angle near the nozzle
throat, causes an overexpansion of the flow which
does not fully recompress on the lower divergent flap
(refs. 26 and 27).
Resultant thrust ratio Fr/Fi, internal thrust ra-
tio Fj/Fi, and discharge coefficient Wp/W i are shown
in figure ll(b) for the pitch vectored nozzle at static
conditions. As can be seen, discharge coefficient mea-
sured in the 10 x 10 T was about 1 percent lower than
that measured in the 16 FTT. As previously noted,
excellent agreement was found for Wp/W i measured in
the 16 FTT between the current test (using a single
venturi system) and that conducted for reference 13
(using two ventnris). The same two venturis used in
reference 13 were also used in a previous investiga-
tion in the 10 × 10 T (ref. 19), and the agreement be-
tween these two tests was also good. The reason for
the difference in wp/wi shown in figure ll(b) for the
current two investigations is not known. Since ideal
isentropie gross thrust F i is directly proportional to
Wp, the absolute levels of the thrust ratios presented
in figure ll(b) for the 10 x 10 T may be as much as
1 percent in error. However, it is believed that data
measurements between the nozzle configurations are
valid and provide correct data trends between the
two facilities.
Yaw thrust vetoring. The effects of yaw vectoring
on resultant thrust vector angles and nozzle perfor-
mance parameters for the nozzles with 0° and 15 °
pitch vectoring are presented in figures 12 and 13,
respectively. Resultant thrust vector angles are sum-
marized in figure 14. Since the concept of using two
sidewall flaps to direct the nozzle internal flow for
yaw thrust vectoring is similar to typical 2-D C-D
pitch thrust vectoring, the resultant yaw vector char-
acteristics are also similar to pitch vector character-
istics. As seen in figure 12(a), resultant yaw vector
angle for 5v,y = -10 ° increases (becomes more neg-
ative) as nozzle pressure ratio increases. Yaw vector
peak thrust ratio performance (fig. 12(b)) also occurs
at NPR between 5.0 and 6.0, which is similar to pitch
thrust vectoring results (fig. ll(b)). For a signifi-
cantly overexpanded nozzle (NPR << Effective de-
sign NPR of approximately 5.0 to 6.0), internal flow
tends not to expand out over the yaw vector flaps.
At higher NPR, the internal flow fully expands over
the yaw flaps and is essentially invariant with nozzle
pressure ratio for underexpanded nozzle conditions.
It is expected that the resultant yaw vector angle for
the other nozzle configurations would exhibit similar
characteristics if they were tested to higher pressure
ratios.
The measured resultant yaw vector angle was
smaller than the geometric yaw vector angle for all
test conditions (figs. 12(a) and 13). The reduced
effectiveness is mainly attributed to the small size
of the yaw vector flaps relative to the total sidewall
area. The flaps were designed to operate between
pitch vector angles of 0 ° and 15 ° and thus utilized
only a portion of the total available sidewall area. For
example, the flaps would have been about 23 percent
larger if they were only required to operate at 5v,p =
0°. Because the yaw vector flaps do not cover
the entire sidewall area, a portion of the internal
exhaust flow can bypass the yaw flaps and not be
turned. Similar results were obtained in reference 15.
Also, some loss in yaw flap effectiveness is caused
by the cutback sidewalls (fig. 7), which reduced the
length of the flaps from that possible with the full
sidewalls. This smaller flap probably reduces the
turning capability of the left flap, which was turned
into the exhaust flow.
Resultant thrust vector angles in the presence
of both pitch and yaw vectoring are summarized in
figure 14. Resultant yaw vector angle varies nearly
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linearlywith geometricyawvectorangle(fig. 14(a)).
Therewaslittle or noeffectof simultaneouspitch
thrust vectoringon resultantyaw vectorangleat
NPRup to 3.0.It isexpectedthat thiswouldalsobe
true at NPR> 3.0. Thisresultsuggeststhat there
wouldbenocouplingoflateralcontrolmomentswith
longitudinalcontrolmoments,which is important
sincecontrolof an aircraftwouldrequirecombined
pitch-yawvectoring,
The effectof yaw thrust vectoringon resultant
pitchvectorangleis shownin figure14(b).At noz-
zlepressureratioslessthan3.5,resultantpitchvec-
tor angle@decreased(becamemorenegative)with
increasingamountsof negativeyaw flap deflection
when_v,p= 0°. However,for 8v,p= 15°,@ in-
creasedwith increasingyawflapdeflection.Thiswas
especiallytrueat NPR= 2.0,where@nearlydou-
bledasyawflapdeflectionincreasedfi'om0° to -10°.
Forthis case,thejet-lift componentnearlydoubled
for _v.p= 15°, andtheaxialcomponentofthrust in-
creased3.4percentcomparedwithvaluesat6v,p= 0°(theseresultsarenot shown).As previouslynoted,
theseresultsmayindicatea reductionin the flow
separationoverthe lowernozzledivergentflap.
Differential pitch thrust vectoring. The effects of
differential pitch thrust vectoring on resultant thrust
vector angles and nozzle performance parameters
are presented in figure 15. Differential pitch thrust
vectoring was employed to produce roll-control mo-
ments. In an actual airplane application, equal val-
ues of 6v.p but of opposite sign would probably be
used to provide these moments. In this application,
there should be no effect of differential pitch thrust
vectoring on either resultant pitch or yaw vector an-
gles. However, since only _v,p = 0° and 15 ° noz-
zles were built, it was not possible with the current
model hardware to test such a configuration. Con-
sequently, the combination of 5v,p = 15 ° for the left
nozzle and 5v,p = 0 ° for the right nozzle was tested;
this hardware combination should produce pitch vec-
toring characteristics similar to a configuration hav-
ing 5v,p = 7.5 ° for both nozzles. Also, a small pos-
itive resultant yaw vector angle is induced because
the model nozzle horizontal axis is rolled 6.5 ° with
respect to the model (fig. 6).
Resultant pitch vector angle resulting from differ-
ential pitch thrust vectoring (fig. 15(a)) has the same
characteristics as described previously for 15 ° of sym-
metrical pitch thrust vectoring. For NPR > 3.5, the
differential pitch thrust vectored configuration pro-
duced over a 7.5 ° increase in 5p from the unvectored
configuration (fig. 15(a)). Thus, there is an over-
turning of the flow as was previously noted for 15 ° of
pitch thrust vectoring. The resultant thrust ratio was
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higher from differential pitch vectoring than for 0 ° of
pitch vectoring. Although the reason for this differ-
ence in performance is not known, similar character-
istics of resultant thrust ratio were obtained during
the investigation of reference 13 for 6v,p = 15°; that
is, thrust ratio was higher for 6v,p = 15 ° than for
6v,p = 0 °. Also, a repeat static run for the 6v,p = 15 °
nozzle made during the investigation of reference 13
produced resultant thrust ratio nearly equal to that
shown in figure ll(b). These results suggest the pos-
sibility of flow separation and reattachment in the
_Sv,p = 15 ° nozzle that may vary with nozzle pressure
ratio.
Effects of Thrust Vectoring at Forward Speeds
Pitch thrust vectoring. The effects of pitch thrust
vectoring on the total longitudinal aerodynamic char-
acteristics are presented in figures 16 and 17 and are
summarized in figure 18. Two types of basic data
presentations are made to illustrate the effects of noz-
zle pressure ratio and angle of attack. First, the total
longitudinal aerodynamic characteristics are shown
in figure 16 as a function of nozzle pressure ratio at
= 4 °, which is a typical cruise angle of attack for
this aircraft configuration. Second, the variation of
the total aerodynamic characteristics with angle of
attack (or total lift coefficient) is presented in fig-
ure 17 at jet-off conditions (NPR = 1) and at the
scheduled nozzle pressure ratio for each Mach num-
ber tested (see fig. 10). At jet-off conditions (NPR =
1), aerodynamic and total performance parameters
are identical (e.g., C L = CL,t).
The effects of nozzle pressure ratio on the total
longitudinal aerodynamic characteristics at a = 4 °
(fig. 16) followed expected trends. At 5v,p = 0 °,
there was little or no effect of nozzle pressure ratio
on total lift coefficient eL, t except at M = 0.20. The
increment in CL,t between _v,p = 0 ° and 15 ° at jet-off
conditions (NPR = 1) is a result of the aerodynamic
flap effect from the deflected nozzle flaps at 8v,p =
15 ° (see fig. 7). As nozzle pressure ratio increase_,
for the 6v,p = 15 ° configuration, CL,t also increases
The increase in CL,t is caused primarily by the jet-
lift component of the nozzle gross thrust and som_
jet-induced supercirculation lift.
Jet-induced supercirculation lift, which for thi,
configuration is quite small, can be seen fron
the thrust-removed aerodynamic characteristics pre.
sented in appendix A. (See, e.g., fig. 35.) Super
circulation lift is small because of the longitudinal lo
cation of the nozzle exits with respect to the wing an(
because of the underwing position of the nozzles. ?
more detailed discussion of the thrust-induced effeet_
for this configuration is contained in reference 13.
Thevariationof pitching-momentcoefficientwith
nozzlepressureratio for the two nozzlestestedis
determinedbythelocationof thenozzlegrossthrust
vectorfor the respectivenozzle. The nozzlegross
thrust vectorat 6v,p = 0° induces a nose-up pitching
moment, because the thrust axis is located below the
moment reference center (see fig. 6). For 5v,p > 5 °,
the gross thrust axis lies above the moment reference
center; consequently, nose-down pitching moments
occur as indicated by the 5v,p -- 15 ° data.
Drag-minus-thrust coefficient varies nearly lin-
early with nozzle pressure ratio regardless of pitch
thrust vector angle. The differences between C(D_F)
for t_v, p _-- 0 ° and 15 ° result from thrust losses caused
by turning the exhaust vector away from the ax-
ial direction and from generally higher drag on the
5v.p = 15 ° configuration (see fig. 35). Increasing the
magnitude of negative numbers for C(D_F) indicates
improved performance from either higher thrust or
lower drag.
The effects of angle of attack on the total longi-
tndinal aerodynamic characteristics are presented in
figure 17. The increment in lift or pitching-moment
coefficient that results from changing nozzle pitch
vector angle from 0 ° to 15 °, at either jet-off or jet-
on conditions, remains essentially constant over the
entire angle-of-attack range for all Mach numbers
tested. Thus, there is also no effect of pitch thrust
vectoring on lift-curve slope and longitudinal stabil-
ity characteristics. Reference 18 contains a complete
discussion of the unpowered lift-curve slope and lon-
gitudinal stability characteristics.
The variation of total lift and pitching-moment
coefficients with pitch vector angle is summarized
in figure 18 for a = 0° and 14 ° . The results from
reference 13 for 5v,p up to 30 ° are also presented and
show that both lift and pitching-moment coefficients
vary nearly linearly with pitch thrust vector angle.
Figure 18 also shows that the increment in both CL,t
and Cm,t between 6v,p = 0° and 15 ° is essentially
the same for a = 0 ° and 14°. The absolute levels of
CL, t and Cm,t are different because of the difference
in angle of attack.
Yaw thrust vectoring. The effects of yaw thrust
vectoring on the total aerodynamic characteristics of
configurations with geometric pitch thrust vector an-
gles of 0 ° and 15 ° are presented in figures 19 to 22.
Lateral aerodynamic characteristics are summarized
in figures 23 and 24. The basic data presentation is
similar to that already described for pitch vectoring.
The variations of the total aerodynamic character-
istics with nozzle pressure ratio are nearly linear at
each of the Mach numbers tested. A comparison of
the lateral aerodynamic components (Cl,t, Cn,t, and
Cy, t) of figures 19 and 20 shows little or no differ-
ence between the data for 0 ° and 15 ° of pitch thrust
vectoring. This indicates no coupling of the yaw
thrust vectoring lateral control forces and moments
with pitch thrust vectoring, which is important for
the design of an airplane flight control system. The
rolling-moment coefficients shown in figures 19 and
20 for configurations with yaw thrust vectoring re-
sult from a side-force component of the nozzle thrust
which lies below the model moment reference center
(see fig. 6).
Since the current yaw vectoring concept is similar
to the pitch vectoring concept utilized, total side-
force coefficient has similar characteristics to total
lift coefficient. The increment in Cy, t between 6v,y =
0° and -10 ° or -20 ° at jet-off conditions is the
result of the aerodynamic flap effect of the deflected
yaw flaps. At power-on conditions, this increment
has a side-force thrust component and a jet-induced
component. The jet-induced components shown in
appendix A (fig. 39) can be as much as 30 percent of
the total increment (e.g., at M = 0.60).
Yaw vectoring had little or no effect on lift or
pitching-moment coefficient (except at M = 0.20)
at 5v,p = 0 ° (fig. 19). This was expected since yaw
thrust vectoring had only a small effect on resultant
pitch vector angle (fig. 12(a)). At 5v,p : 15° (fig. 20),
there were small increases in CL,t as 5v,y varied from
0° to -20 °. These variations result from the larger
effects of geometric yaw vector angle 6v,y on resultant
pitch vector, angle 6p shown in figure 13 for 8v,p =
15°. The differences between C(D_F) for 5v.y =
0° and for -10 ° or -20 ° result from turning the
exhaust flow away from the axial direction and from
differences in external nozzle drag (see figs. 36 and
37). Except at the higher values of NPR, yaw flap
deflection generally increased drag. Some additional
(unrealistic) drag may occur for the yaw vectored
configurations, because the brackets used to attach
the yaw flaps were exposed to external flow rather
than being flush mounted (fig. 7(b)).
The effects of angle of attack on the total aero-
dynamic characteristics for 5v,p = 0° and 15 ° are
presented in figures 21 and 22, respectively. Both
the jet-off and powered increments for either side-
force, yawing-moment, or rolling-moment coefficients
that result from changing yaw vector angle from 0°
to -10 ° or -20 ° remain essentially constant over
the entire angle-of-attack range for all Mach num-
bers tested. This result and the result obtained for
pitch thrust vectoring confirm that the forces and
moments from thrust vectoring are essentially con-
stant over the angle-of-attack range tested. These
results are in contrast to conventional aerodynamic
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controls,whichusuallyloseeffectivenessasangleof
attackis increased.Sitnilarresultsfrom thrust vec-
toringat angleofattackfor twodifferentconfigura-
tionsarepresentedin reference16.
The variationsof the total lateralaerodynamic
characteristicswith geometricyawvectorangleat
c_ = 0° and 14° for ¢Sv,p = 0 ° and 15 ° are summa-
rized in figures 23 and 24, respectively. As with the
pitch thrust vectoring results on longitudinal charac-
teristics with varying geometric pitch vector angle,
the variation of the lateral characteristics with geo-
metric yaw vector angle is nearly linear. A compar-
ison of figures 2a and 24 shows no effect of _Sv,p on
the lateral aerodynamic characteristics with varying
geometric yaw vector angle.
Differential pitch thrust vectoring. The effects
of differential pitch thrust vectoring on the total
aerodynamic characteristics are shown in figures 25
and 26, and the effects of differential pitch thrust
vectoring on rolling-moment coefficient are summa-
rized in figure27. Differential pitch thrust vector-
ing was obtained by pitch thrust vectoring only the
left nozzle at _5_,p= 15°. The rolling-monmnt coef-
ficient that results from differential pitch vectoring
has characteristics similar to those discussed previ-
ously for control molnents generated by pitch and
yaw thrust vectoring. As nozzle pressure ratio in-
creases, rolling-moment coefficient increases nearly
linearly (fig. 25), and both the jet-off and powered
increlnents that result from differential pitch thrust
vectoring are constant over the angle-of-attack range
for all Mach imlnbers tested (figs. 26 and 27). The
relative magnitude of the rolling-moment coefficient
shown in figures 25 to 27 is similar to those estimated
for 7.5 ° of symmetrical pitch thrust vectoring. The
lift and pitehil_g-moment coefficients and the side-
force and yawing-moment coefficients that occur are
a restilt of the combination of _Sv,, = 15 ° for the left
nozzle and 6v.v = 0 ° for the right nozzle. The lift
and side-force increments are generated from the left
nozzle only. In an actual airplane application, rolling
moment would be generated by differential geomet-
ric pitch thrust vector angles of equal values but in
opposite directions. For this case, it is probable that
only increments of rolling-moment coefficient would
result from differential pitch thrust vectoring if jet
interaction and induced effects were negligible.
Powered Control-Power Parameters
An assessment of the multiaxis control-power
characteristics from thrust vectoring is made from
comparisons of the effectiveness of the various pow-
ered and aerodynamic control effectors available on
this aircraft model and other configurations. The
control-power parameters from thrust vectoring were
evaluated at each nozzle pressure ratio at a constant
angle of attack or at each angle of attack at a con-
stant pressure ratio. As noted previously, angle of
attack has little or no effect on the forces or moments
generated by thrust deflection (powered controls).
The various powered control-power parameters
that result from multiaxis thrust vectoring at a = 4°
are presented in figures 28 to 30. These parameters
at a constant Mach number are only a flmction of
nozzle pressure ratio, because the aerodynamic coef-
ficient increments that resulted from thrust vectoring
were independent of angle of attack. The decrease in
control power that occurs as Mach number increases
is the result of a decrease in thrust coefficient (at
constant NPR). The decrease in thrust coefficient is
caused primarily by a decrease in thrust caused by
the decrease in static pressure (as M increases) and,
to a lesser extent, dynamic pressure effects. Lon-
gitudinal control power and lift effectiveness due to
pitch thrust vectoring are presented in figure 28. The
effects of nozzle pressure ratio on directional control-
power, side-force, and rolling-moment effectiveness
due to yaw thrust vectoring are shown in figure 29
for _Sv,p= 0 ° only. However, similar results were ob-
tained for 8v,p = 15 °. Lateral control power from
differential pitch vectoring is given in figure 30.
Comparison of Powered and Aerodynamic
Control Power
Longitudinal control. A comparison of longitu-
dinal control power Crrz_ and lift effectiveness CLe
from powered and aerodynamic control effectors is
presented in figure 31 as a function of Mach number
at a = 0% Longitudinal control power from pitch
thrust vectoring was obtained at the scheduled nozzle
pressure ratio (fig. 10) for all Mach numbers. Longi-
tudinal control power from pitch thrust vectoring on
an F-18 aircraft model with 2-D C-D nozzles (ref. 12)
is also shown in figure 31. Longitudinal control power
generated by the canard (ref. 18) and wing trailing-
edge flaps (ref. 17) of the current configuration as well
as by aerodynamic control effectors on other fighter
configurations (refs. 29 to 32) is also presented in fig-
ure 31. Negative values of canard control power have
been presented to facilitate data comparisons. Fig-
ure 31 illustrates the dependence of control power on
volume coefficient; at subsonic speeds, control power
increases with increasing volume coefficient for both
powered and aerodynamic controls.
The superiority of powered controls over either
the canard (ref. 18) or trailing-edge flaps (ref. 17) for
the current configuration at low speeds (M < 0.40) is
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evidentin figure31. Thelow-speedvaluesof control
powerfromtheaerodynamicontrolswereassumed
to be thoseshownat M = 0.60. The decrease in
value of the powered controls with increasing Mach
number is caused by the decrease in thrust coefficient
discussed previously. As can be seen, the effective-
ness of the aerodynamic controls tends to increase
slightly with increasing Mach number at subsonic
speeds. Therefore, aerodynamic controls are usually
sized for low speed and are therefore generally more
effective than is required at high speeds. At Mach
number_ from 2.00 to 2.47, powered controls pro-
vided nearly as much longitudinal control power as
the canard or wing trailing-edge flaps. Pitch thrust
vectoring also provided levels of longitudinal control
comparable to aerodynamic controls at low speed.
Thus thrust vectoring could be used to augment the
control power provided by aerodynamic controls,
particularly at low speeds. For an airplane design
utilizing pitch thrust vectoring to augment aircraft
control, the size of the aerodynamic surfaces could be
reduced, and this reduction would reduce the drag of
the configuration.
It is believed, however, that the main advantage
of powered controls is at high angles of attack. This
advantage is illustrated in figure 32, where longitu-
dinal control power from pitch thrust vectoring at
M = 0.20 and NPR = 2.5 is compared with con-
trol power at angles of attack up to 40 ° from both
horizontal tails of all F-15 type aircraft (ref. 31) and
fl'om canards of a _upersonic cruise fighter (ref. 32).
The longitudinal control power from pitch vectoring
was extrapolated linearly up to _ = 40 ° because
previous results from reference 16 for other config-
urations showed no decrease in control power up to
= 37 °. Longitudinal control power generated by
thrust vectoring is not dependent upon angle of at-
tack, whereas control power from the aerodynamic
controls decreased with increasing angle of attack.
For actual applications, levels of longitudinal control
power from thrust vectoring could change as a result
of decreases in thrust that may occur from inlet ef-
fects at high angles of attack. The horizontal tails
and canards of reference 32 lost about 90 percent of
their control power at _ = 35 ° to 40 ° . It was also
found in reference 32 that deflection of the horizontal
tail was laterally stabilizing, whereas canard deflec-
tion was laterally destabilizing. This cross-coupling
of the lateral stability with the longitudinal stability
or control characteristics is typical for configurations
with aerodynamic controls and most likely would not
occur with powered controls.
Directional control. A comparison, at a = 0°, of
directional control power Cn_, side-force effectiveness
Cy_, and induced rolling moment CI_ from powered
and aerodynamic controls is presented in figure 33.
Directional control power from yaw thrust vectoring
was obtained at the scheduled nozzle pressure ratio
(fig. 10) for each Mach number shown. Directional
control power from various aerodynamic control ef-
lectors for several fighter configurations (refs. 30 and
32 to 35) are also shown in figure 33. These con-
figurations included the F-15 aircraft (ref. 30), an
F-15 type aircraft (ref. 31), a supersonic cruise fighter
(refs. 32 and 33), a tactical fighter (ref. 33), and an
F-16 type aircraft (refs. 34 and 35).
Directional control power from yaw thrust vector-
ing exhibits similar characteristics with Mach num-
ber as those previously noted for longitudinal control
power from pitch thrust vectoring. At low speeds
(M < 0.40), directional control power from yaw
thrust vectoring was greater than that provided by
the various aerodynamic control effectors for those
configurations shown. In fact, directional control
power from yaw thrust vectoring was even greater
than the various aerodynamic control effectors at
the minimum nozzle pressure ratio tested (NPR =
2.0) at M = 0.20 (fig. 29(a)). Similar results are
presented in reference 16 for a configuration with
canted nozzles. Directional control power provided
by the rudders was greater than that provided by
yaw thrust vectoring at Mach numbers from 0.50 to
2.00. These aerodynamic controls are also generally
sized for low-speed operation. Figure 33 also shows
that yaw thrust vectoring generally provided more
directional control power than that provided by un-
conventional aerodynamic means such as differential
horizontal-tail deflection (ref. 32), direct side-force
generators (vertical canards, ref. 34), and differential
canard deflection (ref. 35).
The effects of angle of attack on directional con-
trol power (not shown) are also similar to those on
longitudinal control power (fig. 32). For example,
the configuration of reference 32 begins to lose di-
rectional control at about a = 20 °, and directional
control is nonexistent at about a = 45 ° . The di-
rect side-force generators of reference 34 lose nearly
all of their effectiveness at angles of attack of 15 °
and above. However, the level of directional control
power provided by yaw thrust vectoring remains con-
stant with varying angle of attack.
Generally, use of a rudder for directional control
results in adverse rolling moments; that is, for pos-
itive rudder deflections, a nose-left yawing moment
is accompanied by a positive rolling moment. This
adverse rolling moment is caused by a side force gen-
erated on the vertical tail that acts above the e.g.
of the aircraft. This is not the case for the current
configuration. For this configuration, proverse roll is
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generatedby yawthrustvectoring,becausethenoz-
zlesarelocatedbelowthec.g.of the aircraft.Thus,
theverticallocationof thenozzlesrelativeto theair-
craft e.g.becomesanotherdesignoption,depending
on thedesiredcouplingof rollingmomentwith yaw-
ing moment.
Lateral control. A comparison between lateral
control Cle from differential pitch thrust vectoring
and from aerodynamic controls is presented in fig-
ure 34. As expected, lateral control power from dif-
ferential pitch thrust vectoring shows similar trends
with Mach number to those previously discussed for
longitudinal and directional characteristics. The lev-
els of roll-control power from differential pitch thrust
vectoring shown in figure 34 result from a large mo-
ment arm created by the wide-spaced nozzles of the
current configuration. These levels would be re-
duced for a more conventional close-spaced twin-
engine fighter aircraft (ref. 16).
Conclusions
The multiaxis control-power characteristics from
multiaxis thrust vectoring for an advanced tactical
fighter designed for supersonic cruise have been de-
termined over a Mach number range from 0.20 to
2.47. The results from investigations in the Lang-
ley 16-Foot Transonic Tunnel and the Lewis 10-
by 10-Foot Supersonic Tunnel indicate the following
conclusions:
1. The nozzle resultant pitch vector angle was greater
than the geometric pitch vector angle once nozzle
pressure ratio was high enough to eliminate sep-
aration on the lower divergent flap of the nozzle.
2. The nozzle resultant yaw vector angle was less
than the geometric yaw vector angle at all test
conditions. This loss in effectiveness was at-
tributed to the small size of the yaw vector flaps
relative to the total sidewall area of the nozzle.
3. There was little or no effect of pitch thrust vec-
toring on resultant yaw vector angle. However,
at low nozzle pressure ratios, yaw thrust vector-
ing decreased resultant pitch vector angle for 0°
geometric pitch vector angle and increased resul-
tant pitch angle for 15 ° geometric pitch vector
angle.
4. The effects of nozzle pressure ratio and pitch
thrust vectoring on the longitudinal aerodynamic
characteristics followed expected trends. Both lift
and pitching-moment coefficients increased with
increasing nozzle pressure ratio and/or geometric
pitch vector angle. Similar effects on the lateral
aerodynamic characteristics resulted from yaw
thrust vectoring.
5. Increments in force or moment coefficient that
result from pitch or yaw thrust vectoring remain
essentially constant over the entire angle-of-attack
range for each Mach number tested.
6. There was no effect of pitch vectoring on the lat-
eral aerodynamic forces and moments and only
very small effects of yaw vectoring on the longitu-
dinal aerodynamic forces and moments. This re-
sult indicates little cross-coupling of control forces
and moments for combined pitch-yaw vectoring.
7. Longitudinal and directional control power result-
ing from thrust vectoring were functions of nozzle
pressure ratio and Mach number. Powered con-
trols were very effective at low Mach numbers,
and their effectiveness decreased as Mach num-
ber increased because of a reduction in thrust
coefficient.
8. Longitudinal and directional control power from
thrust vectoring were greater than those pro-
vided by aerodynamic control effectors for this
and other configurations at Mach numbers less
than 0.40. At Mach numbers from 0.40 to 1.20,
control power was less, and at Mach numbers
from 2.00 to 2.47, control power from thrust vec-
toring was comparable to that provided by aero-
dynamic controls.
NASA Langley Research Center
Hampton, VA 23665-5225
April 2, 1987
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Appendix A
Thrust-Removed Aerodynamic
Characteristics
This appendix presents the thrust-removed aero-
dynamic characteristics for the various configurations
tested. Thrust-removed aerodynamic force and mo-
ment coefficients were obtained by determining the
components of thrust in axial force, normal force,
side force, pitching moment, rolling moment, and
yawing moment and subtracting these values from
the measured total (aerodynamic plus thrust) forces
and moments. These thrust coefficients at forward
speeds were determined from measured static data
and were a function of the free-stream static and dy-
namic pressures. Forces and moments were measured
for each combination of nozzle pitch and yaw vector
angles tested. Further details of this procedure are
contained in references 13 and 21.
Thrust-removed aerodynamic characteristics are
presented in figures 35 to 55 as follows:
Figure
Effect of NPR on longitudinal aerodynamic
characteristics for:
Pitch vectoring; _v,v = 0°; a = 4 ° ......... 35
Yaw vectoring; '_v,p --= 0°; a = 4 ° ......... 36
Yaw vectoring; 5v,p : 15°; a --=4 ° ......... 37
Differential pitch vectoring; _v,y = 0°; a = 4 ° .... 38
Effect of NPR on lateral aerodynamic characteristics for:
Yaw vectoring; 5v,p = 0% a -- 4 ° ......... 39
Yaw vectoring; 5v,p = 15°; a = 4 ° ......... 40
Differential pitch vectoring; 5v,y -= 0°; a = 4 ° .... 41
Effect of a on longitudinal aerodynamic
characteristics for:
_v,p = 0% $v,y = 0 ° ............. 42
$v,p = 0 °, 6v,y = -10 ° ............. 43
6v,p = 0% ,Sv,y = -20 ° ............. 44
,Sv,p = 15 °, _v,y = 0 ° ............. 45
6v,p = 15 °, 6v,y = -10 ° ............. 46
6v,p = 15 °, 6v,y = -20 ° ............. 47
Differential pitch vectoring; ,Sv,y = 0 ° ........ 48
Effect of a on lateral aerodynamic characteristics for:
6v,p = 0 °, _v,y = 0 ° ............. 49
_v,p = 0 °, 6v,y = -10 ° .... ......... 50
6v,p = 0 °, _v,y = -20 ° ............. 51
_v,p = 15 ° , 6v,y = 0 ° ............. 52
_v,p = 15 °, _v,y = -10° ............. 53
_v,p = 15 °, _v,y = --20 ° ............. 54
Differential pitch vectoring; 6v,y = 0 ° ........ 55
Thrust-induced forces and moments, such as
supercirculation lift, can be determined from the re-
sults presented in this appendix. For example, from
figures 35 to 41, the thrust-induced forces and mo-
ments are simply the difference between the specified
coefficient at some nozzle pressure ratio and NPR =
1.0 (jet off) for a particular nozzle configuration. The
aerodynamic flap effect is the difference between the
deflected and undeflected nozzle at jet-off conditions.
The thrust-induced forces and moments at angle of
attack (figs. 42 to 55) are the differences between co-
efficient values at the specified nozzle pressure ratio
and at the jet-off condition (NPR = 1.0).
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Appendix B
Wing Trailing-Edge Flap Characteristics
This appendix presents the effects of wing trailing-
edge flap deflection on the longitudinal aerodynamic
characteristics at M = 2.00 to 2.47. The effects of
trailing-edge flap deflection at M = 0.60 to 1.20 are
given in reference 17. Figure 56 shows that deflec-
tion of the trailing-edge flaps resulted in a decrease in
lift coefficicnt accompanied by a nose-down pitching-
moment coefficient. Except at low lift coefficients,
deflection of the trailing-edge flap increased drag
coefficient.
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Figure 14. Concluded.
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(a) Resultant thrust vector angles.
Figure 15. Effect of differential pitch vectoring on resultant thrust vector angles and nozzle performance
parameters for 6v,y = 0° and M = 0.
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Figure 15. Concluded.
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Figure 18. Summary of pitch vectoring for 6v,y = 0°.
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Figure 28. Effect of nozzle pressure ratio on longitudinal control power and lift effectiveness due to pitch
vectoring for 6v,y = 0 ° and a = 4 °. (Evaluated between 5v,p = 15 ° and 0°.)
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(b) M = 2.00 to 2.47.
Figure 28. Concluded.
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Figure 29. Effect of nozzle pressure ratio on directional control power and side-force and rolling-moment
effectiveness due to yaw vectoring for 6v,p = 0 ° and c_ = 4 °. (Evaluated between 6v,u = -20 ° and 0°.)
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(b) M = 2.00 to 2.47.
Figure 29. Concluded.
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Figure 30. Effect of nozzle pressure ratio on rolling-moment control power due to differential pitch vectoring
for 6v,y = 0° and c_ = 4 °. (Evaluated between (_v,p,left = 15° and (_v,p,right ---- 0°')
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Figure 31. Comparison of longitudinal control power from powered and aerodynamic control effectors for
oz=O °.
148
C
m6
0 [ I
-. 004
-. 008
-. 012
-.016
J
w_d
I
Horizontal tail (ref. 32)
did
----_--=-I".-"_ I ' Canard ( ref. 32)
I
i i i
Pitch vectorinq
J
/
--M = 0.20, NPR --2.5
' I
_ III
I
/!
I i
I
_.. ! Ilill i II ill_P 'l_lll ire'Ill"
" Hor ' 'izontal tail( ref. 31}
, i I
0 10 20 30 40
c{,deg
Figure 32. Effect of angle of attack on longitudinal control power from powered and aerodynamic control
effectors.
149
Cl6
.O01
0
-.001
Control effector V Reference
0 Yaw vectoring 0.0061 Current
Rudder 33
33
'_ .0784 30
Direct side-force generators .0414 34
-- -- Differential canards .1358 35
--*-- Rudder 31
--+- Differential horizontal tails 32
--_-- Rudder .0660 32
--+-(/
----- "-(9--- _) "-'---'-I
C
n6 -.002
-.004
-+- ,_ ___ _=c__---_
-,-- -- _-""'_._ _ _ s.-"
(/---
( __
.008
CY8
.0O4 ,\
_+_ ___<---
"'-" _ _=='G-------O
0 .4 .8 1.2 1.6 2.0 2.4 2.8
M
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Figure 35. Effect of nozzle pressure ratio and symmetric pitch vectoring on thrust-removed longitudint
aerodynamic characteristics for 6v,_ = 0° and a = 4°.
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(b) M = 0.87 and 1.20.
Figure 35. Continued.
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(c) M = 2.00 and 2.17.
Figure 35. Continued.
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(d) M = 2.47.
Figure 35. Concluded.
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(a) M = 0.20 and 0.60.
Figure 36. Effect of nozzle pressure ratio and yaw vectoring on thrust-removed longitudinal aerodynamic
characteristics for 6v,p = 0 ° and _ = 4 °.
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(b) M = 0.87 and 1.20.
Figure 36. Continued.
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(c) M = 2.00 and 2.17.
Figure 36. Continued.
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(d) M = 2.47.
Figure 36. Concluded.
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(a) M = 0.20 and 0.60.
Figure 37. Effect of nozzle pressure ratio and yaw vectoring on thrust-removed longitudinal aerodynamic
characteristics for _Sv,p = 15° and ct = 4 °.
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(b) M = 0.87 and 1.20•
Figure 37. Concluded.
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(a) M = 0.20 and 0.60•
Figure 38. Effect of nozzle pressure ratio and differential pitch vectoring on thrust-removed longitudinal
aerodynamic characteristics for 6v,u : 0° and c_= 4°.
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(b) M = 0.87 and 1.20.
Figure 38. Continued.
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(c) M = 2.00 and 2.17.
Figure 38. Continued.
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(d) M = 2.47.
Figure 38. Concluded.
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(a) M = 0.20 and 0.60•
Figure 39. Effect of nozzle pressure ratio and yaw vectoring on thrust-removed lateral aerodynamic character-
istics for 6v,p = 0° and a = 4 °.
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(b) M -- 0.87 and 1.20.
Figure 39. Continued.
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(c) M = 2.00 and 2.17.
Figure 39. Continued.
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(d) M = 2.47.
Figure 39. Concluded.
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(a) M = 0.20 and 0.60.
Figure 40. Effect of nozzle pressure ratio and yaw vectoring on thrust-removed lateral aerodynamic character-
istics for 6v,p = 15 ° and a = 4 °.
170
•02
M - 0.87
6v,y, deg
0 -IO
[] -I0
0 -20 M - 1.20
.01
C[
0
-.01
.04
•03
C .02
fl
.01
-.01
•02
Cy 0
3
NPR
4 5 6 4
NPR
10
(b) M = 0.87 and 1.20.
Figure 40. Concluded.
171
.04
6v,p, deg
Left Right
0 0 0
M -0.20 [] 15 0 M - 0.60
.02
.02
C_
.01
-.02 -.01
.16 .04_
C
n
• 12
•08
• O3
.02
Cy
o. 1
Cy
-.02
-.04
-.3 -.O6
0 I 2 3 4 0 I 2 3 4 5
NPR NPR
(a) M = 0.20 and 0.60.
Figure 41. Effect of nozzle pressure ratio and differential pitch vectoring on thrust-removed lateral aerodynamic
characteristics for _Sv,u = 0 ° and _ = 4 °.
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Figure 41. Continued.
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(c) M = 2.00 and 2.17.
Figure 41. Continued.
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(d) M -= 2.47.
Figure 41. Concluded.
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Figure 50. Thrust-removed lateral aerodynamic characteristics for 6v,p = 0° and 6v,y = -10%
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Figure 51. Thrust-removed lateral aerodynamic characteristics for 6v,p = 0 ° and 5v,v = -20 °.
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Figure 52. Thrust-removed lateral aerodynamic characteristics for 6v,p = 15° and 6v,u -- 0°.
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Figure 53. Thrust-removed lateral aerodynamic characteristics for 6v,p = 1/5° and 6vm = -10°.
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Figure 55. Thrust-removed lateral aerodynamic characteristics for 6v,p,left = 15 °, 5v,p,right -= 0°, and 6v,y = 0 °.
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